A six-dimensional potential energy hypersurface ͑PES͒ for two interacting rigid methane molecules was determined from high-level quantum-mechanical ab initio computations. A total of 272 points for 17 different angular orientations on the PES were calculated utilizing the counterpoise-corrected supermolecular approach at the CCSD͑T͒ level of theory with basis sets of aug-cc-pVTZ and aug-cc-pVQZ qualities. The calculated interaction energies were extrapolated to the complete basis set limit. An analytical site-site potential function with nine sites per methane molecule was fitted to the interaction energies. In addition, a semiempirical correction to the analytical potential function was introduced to take into account the effects of zero-point vibrations. This correction includes adjustments of the dispersion coefficients and of a single-parameter within the fit to the measured values of the second virial coefficient B͑T͒ at room temperature. Quantitative agreement was then obtained with the measured B values over the whole temperature range of the measurements. The calculated B values should definitely be more reliable at very low temperatures ͑T Ͻ 150 K͒ than values extrapolated using the currently recommended equation of state.
I. INTRODUCTION
Precise knowledge of the interaction potential between molecules is needed to calculate the thermophysical properties in the gas, liquid, or solid phases. In the case of a dilute pure gas, these properties can be determined from a molecule-molecule pair potential. Once the interaction potential is available, it is straightforward to compute the second pressure virial coefficient utilizing statistical mechanics. In addition, the transport and relaxation properties of dilute molecular gases are accessible by means of the kinetic theory of gases, which was recently extended to nonlinear molecules. 1 However, for dense gases, also liquid, and solid phases, nonadditive terms must be included in addition.
The interaction potential of the methane molecule pair was the subject of numerous studies over the past decades. In molecular simulations, the potential was very often approximated by a spherically symmetric Lennard-Jones type function in which the two adjustable parameters were fitted to experimental data. Furthermore, several ab initio calculations were performed, mostly concerned with the well depth at the global minimum or the distance dependence of the potential for that angular orientation providing the global minimum. To the best of our knowledge only two groups of researchers carried out ab initio studies in the last ten years in which multiple angular orientations were considered so that a complete anisotropic potential hypersurface could be derived.
In 1998, Tsuzuki et al. 2 calculated a total of 132 points on the potential energy hypersurface ͑PES͒ for 12 angular orientations at the MP3 level of theory. They used a 6-311G ** basis set with additional diffuse polarization functions. A site-site potential energy function, with sites located at the carbon and hydrogen atoms, was then fitted to the calculated interaction energies. The resulting analytical potential function features a maximum well depth of 224 K. In 1999, Rowley and Pakkanen 3 calculated 146 energy points for 11 angular configurations at the MP2 / 6-311 +G͑2df ,2pd͒ level. They also derived a site-site potential function, with sites on the carbon and hydrogen atoms, characterized by a maximum well depth of only 168 K. In addition, Rowley and Pakkanen presented an improved potential function which was deduced by refitting to five selected points on the PES determined at the MP4 level with the aug-cc-pVTZ ͑Refs. 4 and 5͒ basis set. This procedure led to an increased well depth of 237 K. However, in 2006 Tsuzuki et al. 6 showed that the global minimum should actually be still deeper. They applied the very accurate CCSD͑T͒ method, 7 employing basis sets up to cc-pVQZ, 4 and obtained global well depths of 252 and 263 K, depending on different procedures in extrapolating the interaction energies to the complete basis set ͑CBS͒ limit.
In order to obtain a more accurate methane-methane potential energy surface, a number of issues have to be taken into account. Thus, more reliable CBS estimates can be achieved by considering diffuse basis functions which generally improve the basis set convergence for weakly bound systems. Further, the influence of zero-point vibrations on the interaction potential should be incorporated. This effect is expected to be quite large, since the polarizability of methane is significantly higher when vibration is taken into consideration, 8, 9 resulting in stronger attraction and therefore in a deeper well depth.
In the present paper, a new interaction potential energy surface for methane has been determined using highly accurate coupled-cluster calculations with larger basis sets, performed for more angular orientations and more center of mass separations than in the previous studies. In addition, a more flexible analytical site-site potential model has been employed to minimize fitting errors. A semiempirical correction for zero-point vibrational effects has been included in the final analytical representation. The second pressure virial coefficient has been utilized to test the quality of the new potential.
In forthcoming papers, we will report on transport and relaxation property values of dilute methane gas computed with the new PES over a wide range of temperature. Accurate experimental values of transport properties at room temperature can be used as a further test of the validity of the potential energy surface. In addition, such calculations are of importance because viscosity and thermal conductivity are difficult to experimentally determine at very low and very high temperatures. Hence, we expect the theoretically computed values to be more accurate than the experimental data at extreme temperatures.
II. QUANTUM CHEMICAL DETERMINATION AND ANALYTICAL REPRESENTATION OF THE CH 4 -CH 4 POTENTIAL
Altogether 17 angular orientations with 16 center of mass separations, each between 2.5 and 8.0 Å, were chosen for the computations, resulting in a total of 272 interaction energies. These orientations are illustrated in Fig. 1 . Due to the high symmetry of the methane molecule, this number of angular orientations should be adequate for the intended fit of a highly flexible analytical potential function to the calculated interaction energies.
The bond angles of CH 4 were established to give a regular tetrahedron. The length of the C-H bonds was fixed according to the experimental zero-point vibrationally averaged value of 1.099 Å. 10 This value is consistent with highlevel ab initio computations of the bond length. An equilibrium bond length of 1.0859 Å was determined at the CCSD͑T͒ level by Stanton 11 who employed large basis sets and performed an extrapolation to the CBS limit. Lee et al. 12 found that the increase in the bond length due to zero-point vibrations is 0.0131 Å at the CCSD͑T͒/cc-pVQZ level. The sum of both values yields again 1.099 Å.
Each interaction energy was calculated using the supermolecular approach including a full counterpoise correction 13 at the frozen-core CCSD͑T͒ level with the augcc-pVTZ and aug-cc-pVQZ basis sets. 5 The correlation part of the CCSD͑T͒ interaction energies, V CCSD͑T͒corr , obtained with these two basis sets was extrapolated to the CBS limit with the formula proposed by Halkier et al., 14 
V CCSD͑T͒corr
The self-consistent-field interaction energies were not extrapolated and were taken from the aug-cc-pVQZ calculations.
An analytical site-site potential function was fitted to the extrapolated interaction energies. The positions of the sites within the methane molecule are as follows: The CH 4 molecule is located at the center of a Cartesian coordinate system. One site denoted "C" corresponds to the carbon atom. Four sites denoted "H" are generated by scaling the Cartesian coordinates of the hydrogen atoms by 0.88, and four sites denoted "E" are obtained by scaling the Cartesian coordinates of the hydrogen atoms by −0.66. This procedure leads to a total of nine sites per molecule and enables an accurate fit of the ab initio values. The total potential is given as a function of the center of mass distance R and of three Eulerian angles for each of the molecules A and B, 
where R ij is the distance between site i in molecule A and site j in molecule B. The damping functions f 6 and f 8 were introduced by Tang and Toennies,
The charges q i on the sites E were set to be zero, and the C and H charges were fitted to the octupole moment of the methane monomer calculated at the all-electron CCSD͑T͒/ aug-cc-pV5Z level ͑⍀ xyz = 2.7231 a.u. in the standard orientation͒, with the sum of all charges being zero. Fitting constraints concerning the dispersion coefficients were also applied. At large center of mass distances R the site-site potential model gives isotropic dispersion interactions. This isotropy is consistent with the real long-range behavior of two uncharged tetrahedral molecules, where the interaction term with the slowest decay is the isotropic C 6 R −6 term. 16 Within the site-site potential model, the coefficient itself is given as C 6 = ͚ i=1 9 ͚ j=1 9 C 6ij and was fixed to the value derived from supermolecular CCSD͑T͒/aug-cc-pVTZ calculations at asymptotic separations. These calculations were performed for distances between 20 and 30 Å for the angular orientation 7 in Fig. 1 . The values of V͑R͒R 6 were calculated for each separation and then extrapolated to R → ϱ resulting in C 6 sm = 853 300 K Å 6 . This value is nearly independent of the basis set size and changes by less than 0.1% from aug-cc-pVDZ to aug-cc-pVTZ. A further constraint in the fitting process was that the isotropic part of the C 8 coefficient resulting from the site-site potential model as
9 ͚ j=1 9 C 8ij should be equal to the value calculated by Fowler et al. 16 to be C 8,iso = 8 137 743 K Å 8 . The relative fitting errors are smaller than 2% for most calculated points on the PES. Significantly larger errors occur only at distances, where the potential goes through zero and in the highly repulsive region. The resulting analytical potential function has a maximum well depth of 273.9 K at R = 3.633 Å for angular orientation 1 in Fig. 1 . Table I shows the fitted potential curves and the respective ab initio data for three angular orientations.
To derive a correction for zero-point vibrational effects, the C 6 coefficient resulting from the supermolecular calculations C 6 sm = 853 300 K Å 6 was compared with the value inferred from spectral data by Thomas and Meath 17 as C 6 exp = 898 647 K Å 6 , which includes zero-point vibrational effects. The difference between these two values is denoted as ⌬C 6 = C 6 exp − C 6 sm . Assuming that the relative effect of the zero-point vibrations would be similar for the isotropic part of C 8 , an estimation of ⌬C 8,iso follows from
The corrected potential is then given as the sum of the uncorrected potential and an isotropic correction term,
with
Here, the parameter b corr is still adjustable and was chosen so that the second pressure virial coefficient at room temperature computed with the corrected potential agrees well with the most accurate experimental data ͑see Sec. IV͒. The correction increases the maximum well depth to 286.0 K at 3.624 Å associated with orientation 1. The parameters of the corrected intermolecular potential hypersurface are given in Table II , whereas V corr is shown in Fig. 2 as a function of the center of mass separation R for eight of the chosen angular orientations. The minimum well depth of only 99.8 K at 4.776 Å is represented by orientation 4 in Fig. 2 , which distinctly illustrates the anisotropy of the potential, but also the "hard-sphere" size of the interaction. All ab initio calculations were performed with the Mainz-Austin-Budapest version of ACES II ͑Ref. 18͒ and with GAUSSIAN 03.
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III. QUANTUM-MECHANICAL CALCULATION OF THE SECOND PRESSURE VIRIAL COEFFICIENT
The second pressure virial coefficients B͑T͒ can be very accurately measured, particularly around room temperature. Hence, such data provide a valuable test for the intermolecular pair potential of the molecules when compared with values computed using statistical mechanics. Such calculations cannot be performed reliably classically when the temperatures are low and when atoms or molecules with small masses or small moments of inertia are considered. At very low temperatures and for light spherically symmetric atoms a fully quantum mechanical treatment of the elastic scattering using phase shifts and including quantum statistical effects is needed, whereas the treatment of nonspherical systems requires the solution of the coupled-channel scattering problem. 20, 21 In this paper, two alternative ways were used to calculate the second virial coefficient of methane as a function of temperature T. In the first variant it is assumed that a sufficiently accurate calculation of the second virial coefficients should be possible by adding quantum corrections, significant in the Boltzmann limit, to the classical contribution. Pack 21 derived an expression for the first quantum correction to the second virial coefficient, valid for the interaction of like and unlike rigid-rotor molecules, such as diatomics, spherical tops, and symmetric tops, but excluding asymmetric tops. Using angular momentum theory, Wormer 22 recently developed a formalism, correct at the level of the first-order quantum correction, for the second virial coefficient of a gas consisting of identical interacting rigid-rotor molecules of any symmetry, including asymmetric tops. Based on these papers, explicit formulae for the first quantum corrections are given here for the computation of the second virial coefficient of rigid asymmetric top molecules. Then, they are applied to methane treated as rigid spherical tops under the assumption that vibrations are negligibly excited.
The second virial coefficient B͑T͒ is related to the oneparticle and two-particle partition functions Q 1 and Q 2 according to
͑8͒
Here, N A is Avogadro's number and V is the volume. The classical contribution to B͑T͒ for a gas consisting of interacting asymmetric top molecules A and B is given as
where TABLE II. Potential parameters. The number in parenthesis is the power of 10. 
V͑R A , ⍀ A ; R B , ⍀ B ͒ is the intermolecular pair potential and k B is Boltzmann's constant. R i locates the center of mass of molecule i in a space-fixed coordinate system, whereas ⍀ i are the rotational coordinates. and are the polar angles, whereas i , i , and i are the Eulerian angles. After transformation to the center of mass of the molecule pair and to relative coordinates
the classical contribution is
The computation of B cl ͑T͒ can be performed under the assumption that molecule A is fixed in the space-fixed coordinate system and that the integration over the Eulerian angles of molecule A leads to
Here, molecule B moves around molecule A ͑integration over R, , and ͒ and rotates about its axes ͑integration over B , B , and B ͒. After transforming again to center of mass-relative coordinates and using the fact that the derivatives of the intermolecular pair potential V͑R , ⍀ A , ⍀ B ͒ vanish with respect to the center of mass coordinates, the first-order quantum correction to the second virial coefficient can be formulated as
Ĥ 0 is the translation-rotation Hamiltonian operator in which the translational part Ĥ tr, is that for the hypothetical particle with the reduced mass of the pair of molecules and is given as
The rotational part of the Hamiltonian operator Ĥ rot,i of a molecule i can be written as It is convenient to take into account that upon integration by parts generally for any coordinates x 1 and
The translational part of the first-order quantum correction to the second virial coefficient related to identical molecules with the molecular mass m and the reduced mass = m / 2 is
͑23͒
The rotational part of the first-order quantum correction to the second virial coefficient for two identical asymmetric top molecules with Ĥ rot,A = Ĥ rot,B can be formulated as In the case of spherical-top molecules such as methane with I = I x = I y = I z the rotational first-order quantum correction follows from
͑29͒
Schenter 25 used an exact quantum-mechanical expression for the second virial coefficient based on Feynman path integration 26, 27 in which the potential V in the classical expression ͓Eq. ͑14͔͒ is replaced by an effective potential V eff which accounts for the quantum effects. Further, Schenter discussed in this paper a semiclassical approximation for V eff , originally proposed by Takahashi and Imada, 28 to improve the first-order quantum correction given in Eq. ͑20͒. Here, ␤Ĥ 0 V can be replaced by
ͪͬ.
͑32͒
The computations of the values for the second virial coefficients are characterized by numerical uncertainties which are smaller than Ϯ0.01 cm 3 mol −1 .
IV. ADJUSTMENT OF THE INTERMOLECULAR POTENTIAL ENERGY SURFACE AND COMPARISON WITH EXPERIMENTAL DATA OF THE SECOND VIRIAL COEFFICIENT
A critical compilation of experimental data for the second pressure virial coefficient of methane was reported by Wagner and de Reuck. 29 The second virial data were included by these authors in the optimization of the equation of state ͑EOS͒ for methane, using a reduced Helmholtz energy. According to their evaluation, the experimental data by Kleinrahm et al. 30 are considered to be the most accurate at ambient temperature. These data were chosen to adjust the parameter b corr in Eqs. ͑6͒ and ͑7͒, as already mentioned in Sec. II. In this procedure the quantum-mechanical calculation of the second virial coefficient was performed using the approximated path-integration method, see Eqs. ͑30͒-͑32͒.
The influence on the second virial coefficient of the change from the uncorrected to the corrected intermolecular potential hypersurface is shown in Fig. 3 as a function of temperature. The figure makes evident that the correction is strongly temperature dependent, but it is relatively small ͑5.1 cm 3 mol −1 ͒ at room temperature. Figure 4 illustrates the temperature dependence of the quantum correction B qm calculated by the approximated path-integration procedure and by summing of the translational and rotational first-order quantum corrections B tr ͑1͒ and B rot,sphtop
͑1͒
͓see Eq. ͑22͒ and ͑29͔͒. The figure indicates that, in general, the quantum correction to the second virial coefficient is rapidly increasing as temperature decreases. Furthermore, the quantum correction resulting from the approximated path-integration method is smaller than the sum of the first-order quantum corrections FIG. 3 . Effect ⌬B according to the approximated path-integration method as a function of temperature resulting from the fit of calculated second virial coefficients to the best experimental data at room temperature 30 in order to adjust b corr of the corrected intermolecular potential energy surface for CH 4 . ⌬B = B path,uncorrected − B path,corrected .
. This is in agreement with the experience that the second-order quantum correction for monatomic gases is negative. 31 The comparison with experimental second virial coefficients, shown as deviations ͑B exp − B cal ͒ in Fig. 5 , is restricted to the best available data. The comparison of experimental second virial coefficients with the values calculated theoretically depends on density measurements. These must be determined from pressure and volume measurements using an EOS which employs higher virial coefficients. These coefficients are in turn dependent on the second virial coefficient of interest. In our comparison only second virial coefficients are considered so that we rely on the assessment by Wagner and de Reuck. 29 However, unlike Wagner and de Reuck, who assigned some second pressure virial coefficients determined from speed of sound measurements via acoustic second virial coefficients 47, 48 to their group 1 data, we did not consider them as proper primary data of highest accuracy. Hence only the data by Esper et al., 45 derived from acoustic second virial coefficients, were included in the comparison, but not classified as group 1 data.
The remaining group 1 data are characterized in Fig. 5 34 were not used in generating the EOS, they systematically deviate by up to −0. show virtually no differences to the EOS, because they were used to determine the equation. This also becomes obvious from our Fig. 5 , in which the second virial coefficients corresponding to the EOS of methane are presented as a solid curve. The differences of our calculated values from this curve at higher temperatures could possibly originate from a deficient consideration of the vibrational modes of motion. On the other hand, the measurements by Douslin et al. could possibly be influenced by small systematic errors.
The other experimental second virial coefficients included in the comparison in Fig. 5 partly deviate in a systematic manner from the curve connected with the EOS, but also from the basic line corresponding to the values theoretically calculated for the new intermolecular potential. This is , ---sum of the translational and rotational parts of the firstorder quantum correction for spherical-top molecules B tr ͑1͒ + B rot,sphtop
, and ---quantum correction according to the approximated path-integration method calculated as difference B qm = B path − B cl . Figure 5 also shows a comparison with values recommended as reference data by Zarkova et al. 46 In the case of methane the basis for these values is an isotropic threeparameter Lennard-Jones-͑n −6͒ potential obtained from a multiproperty fit to experimental data for the second pressure and acoustic virial coefficients as well as for viscosity and self-diffusion at low density. It is to point out that the increasing deviations of the values by Zarkova et al. from our values toward lower temperature are due to the inclusion of low-temperature B data of Byrne et al. 49 into their fit. However, these data were assessed by Wagner and de Reuck only as group 3 data and hence not considered for the EOS. Further these data are characterized by increasing differences to our calculated values with the maximum of −10.2 cm 3 mol −1 at 111 K. Ultimately, we are convinced that the calculations of this paper are more reliable than the EOS for low temperatures down to 70 K, for which no experimental second virial coefficients of high accuracy were available below 150 K. If we assume that vibrational excitations have only a negligible impact on the second virial coefficient we expect further that the computations for higher temperatures are also reliable. Values for the second pressure virial coefficient of methane recommended on the basis of the intermolecular potential of this work are given in Table III for the temperature range of 70-1200 K.
V. SUMMARY AND CONCLUSIONS
A new intermolecular potential energy surface for two rigid methane molecules was determined from quantummechanical ab initio calculations. Altogether 272 interaction energies on the PES were determined at the CCSD͑T͒ level of theory. Utilizing large basis sets up to aug-cc-pVQZ, the interaction energies were extrapolated to the CBS limit. A highly accurate site-site potential function was fitted to the calculated interaction energies, and in addition a physically reasonable correction for zero-point vibrational effects was established by a single-parameter fit to the most accurate experimental value of the second pressure virial coefficient at room temperature. The resulting potential shows a high anisotropy. It is characterized by a significantly greater well depth, 286 K, than previous interaction potentials.
The quality of the new potential was tested by computing the second pressure virial coefficient. For this purpose, explicit formulae were derived to calculate quantum correc-tions to the classical second virial coefficient in terms of Euler angle coordinates for rigid asymmetric tops, which includes methane as the special case of a spherical top. The agreement with the most accurate experimental data is very good over a wide range of temperatures. A main contribution of this paper consists in providing accurate values down to very low temperatures where experimental data of high quality are unavailable. In a series of forthcoming papers, the new potential will be employed for the calculation of transport and relaxation properties of dilute methane gas over a wide range of temperatures.
